Fe K-edge x-ray magnetic circular dichroism of magnetite (Fe 3 O 4 ) powders was measured with synchrotron radiation under variable pressure and temperature conditions in diamond anvil cell. The magnetic dichroism was observed to decrease discontinuously by 50% between 12 and 16 GPa, independent of temperature. The magnetic transition is attributed to a high-spin to intermediate-spin transition of Fe 2 ions in the octahedral sites and could account for previously observed structural and electrical anomalies in magnetite at this pressure range. The interpretation of x-ray magnetic circular dichroism data is supported by x-ray emission spectroscopy and theoretical cluster calculations.
Magnetite (Fe 3 O 4 ), the oldest known magnet, has an inverse spinel structure with the formula of Fe 3 Td Fe 2 Fe 3 Oh O 4 . The magnetic moments on tetrahedral (Td) and octahedral (Oh) sites couple antiferromagnetically resulting in a ferrimagnet with a net saturation magnetic moment of 4 B per formula unit, as confirmed by experimental measurement of 4:07 B [1] . Recently, a set of high-pressure electrical, Mössbauer, and x-ray diffraction measurements conducted on magnetite, partly directed at decoding the origin of the Verwey transition (VT) [2, 3] , disclosed a complex behavior of pressure-and temperature-dependent behaviors. In addition to reports that the temperature-induced VT vanishes at high pressure [4, 5] and an electrical resistivity anomaly between 12 -16 GPa at room temperature [6] , an inverse (I) to normal (N) spinel (Fe 2 Td 2Fe 3 Oh O 4 ) transition was proposed in Refs. [7, 8] to explain Mössbauer spectroscopy and x-ray diffraction measurements under various P-T conditions. The proposed I-N transition should result in a 50% increase in net magnetic moment, but this increase was not observed by neutron powder diffraction [9] or single-crystal x-ray diffraction [10] measurements.
We carried out synchrotron-based x-ray magnetic circular dichroism (XMCD) measurements at variable P-T conditions to examine the magnetic properties of magnetite in the pressure range where the reported electronic and magnetic transitions occur. Compared with other probes of magnetism at high pressure, including Mössbauer spectroscopy, ac susceptibility, and x-ray emission spectroscopy, XMCD is a particularly powerful local probe that does not require isotope enrichment and can readily be applied to the study of ferro(i)magnetic materials [11] . Our XMCD measurements revealed a pressure-induced magnetic transition at 12 -16 GPa which is independent of temperature within the 40 -300 K range. We suggest that this magnetic transition is associated with a high-spin (HS) to intermediate-spin (IS) transition of Fe 2 ions in the Oh sites of magnetite, and the suggestion is further supported by our independent x-ray emission spectroscopy (XES) measurements and theoretical cluster calculations. Our results are inconsistent with the proposed I-N spinel transition of Refs. [7, 8] .
The XMCD measurements were performed at undulator beam line 4ID-D of the Advanced Photon Source (APS), Argonne National Laboratory. Details on beam line optics and instrumentation can be found in Refs. [12, 13] . Magnetite samples were micrometer-sized powders ground from high-quality single crystals with 99.999% purity. The powders, mixed with pressure standard Cu powders and pressure transmitting medium silicon oil, were loaded into a symmetrical membrane driven CuBe cell with perforated diamond anvils. Pressures were calibrated based on the pressure shift of x-ray absorption fine structure (XAFS) of the Cu K edge [13] .
In the experiments, the energy of the incident x-ray beam was scanned through the Fe K-absorption edge (7112 eV) to acquire both the x-ray absorption near edge structure (XANES) and XMCD spectra in helicityswitching mode. The data were collected from 4.2 GPa to 18.1 GPa (with 4 GPa intervals) with temperature varying from 20 K to 300 K (with 60 K intervals) at each pressure point [13] .
The XES and powder diffraction experiments were performed on magnetite powders with helium as pressure medium in a Mao-type diamond anvil cells, at the 16ID-D and -B stations of HPCAT sector, APS, respectively. For XES, the incident monochromatic x-ray beam was set at 7.18 keV and the Fe K emission spectra were scanned using a Si(333) crystal analyzer and Si(Sn) x-ray detector collecting in a backscattering geometry [14] . For powder diffraction experiments, NaCl powders were mixed with magnetite in a diamond anvil cell to monitor the condition of hydrostaticity. Figure 1 shows the normalized Fe K-edge XANES and XMCD spectra collected from magnetite samples at 40 K from 4.2 GPa to 18.2 GPa. Two distinct pairs of negative and positive peaks appear in the XMCD spectra; they are labeled in Fig. 1(b) as A-A 0 (E 7:112-7:113 keV) and B-B 0 (E 7:123-7:129 keV), respectively. These two magnetic components are the result of the difference XANES spectra for opposite x-ray helicity at positions A-A 0 and B-B 0 in Fig. 1(a) , respectively. Figure 2 is a plot of the intensity of peaks A-A 0 and B-B 0 under various pressure and temperature conditions. Below 12.2 GPa, no appreciable change can be detected in either XANES or XMCD spectra, even when the temperature drops below the Verwey transition temperature (which is pressure dependent) [4, 5] at each pressure point, indicating that the Verwey transition does not involve changes in magnetic moment. However, above 12.2 GPa, the intensities of A-A 0 and B-B 0 drop by 50% at 16.2 GPa while no change occurs in the corresponding XANES spectra, signifying a magnetic transition between 12 -16 GPa [ Fig. 1(a) ]. The pressure-induced magnetic transition is independent of temperature within the range from 40 to 300 K (Fig. 2) . X-ray diffraction in the same pressure range shows no structural phase transition except peak broadening starting above 10 GPa even with the magnetite sample in hydrostatic (helium) pressure medium.
The K-edge XMCD depends on the spin and orbital polarization of the projected, unoccupied 4p final states. It is generally accepted that the spin polarization of 4p states arises predominately from on-site and intrasite exchange interactions with polarized 3d states [15] [16] [17] [18] [19] [20] [21] . Accordingly, changes in 3d polarization directly affect the K-edge XMCD. Although a complete interpretation of the energy dependence of Fe K-edge XMCD spectra in terms of contributions from distinctive Td and Oh crystallographic sites is still lacking, there is mounting evidence that peaks A-A 0 are predominately associated with Td sites while both sites contribute significantly to peaks B-B 0 [22] . We observed roughly equal, half reductions of A-A 0 and B-B 0 peaks during the transition in our repeated experiments, which indicates a correlated reduction in Fe 4p magnetic polarization at both Td and Oh sites. While the XMCD magneto-optical sum rule for the K edge only relates to the expectation value of the orbital moment per 4p hole [23] , it is reasonable to argue that our data indicate a reduction in half of the net magnetic moment of magnetite between 12.2 and 16.2 GPa. As discussed below, we explored a number of possible mechanisms to explain the observed magnetic transition and conclude that the most likely is a HS to IS transition at the Fe 2 (Oh) sites. In fact, experiments [24] and calculations [25] [26] [27] [28] indicate that the average net moment of magnetite arises predominately from the minority spin band associated with 
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We calculated multielectron energy levels of HS, IS, and low spin (LS) states of Fe 2 ion using exact diagonalization of the multiband p-d model Hamiltonian for the FeO 6 cluster, similar to the study of CoO 6 cluster for LaCoO 3 [29] . The Co 3 in CoO 6 octahedra and Fe 2 in FeO 6 octahedra have the same electronic configuration but different parameters of the Hamiltonian. By rescaling parameters, such as hopping tpd, tpp, Coulomb Vpd, and crystal field Dq, from the CoO 6 set, we obtained their pressure dependence for FeO 6 . The calculated energy level scheme is shown in Fig. 3(d) , where the HS is the ground state at P 0 (10Dq 2:40 eV) and the Hund exchange coupling (0.65 eV) was fitted to get the HS-IS crossover of Fe 2 at 15 GPa (10Dq 2:53 eV), which confirms our interpretation of the experimental results. Calculations for Fe 3 in Td and Oh sites with the same parameters revealed the HS of Fe 3 state remains stable until 50 GPa. The origin of HS-IS crossover in Fe 2 is attributed to the covalence effect, or in another word, 3dFe-2pO hybridization induced by pressure. Because of this effect, the stabilization of the HS, IS, and LS under high pressure is affected by the competition among crystal field splitting, Hund exchange coupling, and 3d-2p hopping energy. At certain pressure, IS can become more stable than LS or HS, when the energy gain from d-p hybridization becomes a leading term. A similar example has been demonstrated by Korotin et al. in LaCoO 3 [30] . Another way to stabilize the IS could arise from negative charge-transfer energy as shown for Co 4 ion in SrCoO 3 [31] . Other possible mechanisms that were considered include orbital transitions, HS-LS, and charge disproportionation (e.g., inverse-normal spinel transition) for Fe 3 or Fe 2 at Td or Oh site, but these could not successfully explain the large, discontinuous reduction of the net average magnetic moment. The spin transition reduces the population of e g electrons, which are major conducting electrons in magnetite, and could be the cause for the electrical anomaly observed between 12 -16 GPa pressure range [6] . Though the authors attributed the anomaly to a structural transition, no evidence for such transition is seen by x-ray diffraction in this pressure range [32, 33] .
To further confirm the spin transition suggested from XMCD results, we conducted an independently XES experiment at room temperature. As shown in Fig. 4 , the emission spectrum of HS Fe is characterized by a main peak K 1;3 with the energy of 7058 eV and a satellite peak K 0 located at lower energy appearing as a result of the 3p core-hole -3d exchange. The intensity of K 0 is proportional to the number of unpaired 3d electrons which decreases at a spin transition, and is often used as a diagnostic probe for pressure-induced HS-IS-LS transition [14,34 -38] . In the present study, a dip at 15.8 GPa was observed in XES, evidencing a transient state possibly associated with a HS-IS spin transition. Once pressure was raised above the observed XMCD transition point to 16.5 and 20.6 GPa, the overall K 0 intensity drops 15% relative to that below the transition at 13.5 GPa (Fig. 4) . is 15% lower than that below 15.8 GPa (8.8 and 13.5 GPa). The changes in XES are consistent with the interpretation of HS-IS transition in Fe 2 while the two Fe 3 remain HS.
